Thick and crack-free Pb(Zr,Ti)O 3 [PZT] films were fabricated on platinized silicon substrates by a multisputtering technique. The PZT films were deposited on the Si substrate by the radio frequency magnetron sputtering method using a single oxide target. As the film became thicker, its grain size increased. Therefore, the microstructure of the film was able to be controlled by repeatedly depositing thin layers. In addition, by using a seed layer with the same composition but a much smaller grain size, it was possible to further reduce the grain size of the film. When the film had a small in-plane grain size and a fibrous columnar structure, it was highly resistant to cracking, presumably because of its enhanced strength and structural stability. By exploiting these phenomena, highly dense, crack-free, and thick PZT films were successfully deposited up to a thickness of about 5 m. The evolution of the crystallographic orientation of the film as a function of its thickness was also observed and correlated with the total strain energy of the system.
I. INTRODUCTION
Lead zirconate titanate [Pb(Zr 1-x Ti x )O 3 ; PZT] films have attracted a great deal of attention because of their potential applications in microelectromechanical systems, as well as in nonvolatile ferroelectric random access memories. Sensing and actuation are also possible applications for these PZT films because of their strong piezoelectricity. For actual microelectromechanical systems and other actuation applications, however, relatively thick PZT films with good electrical properties are required. [1] [2] [3] To fabricate thick and crack-free PZT films, it is very important to understand their microstructural evolution. The fabrication of dense and crack-free thick films is difficult because of the difference in the thermal expansion coefficients between the PZT film and the substrate. 4, 5 When using solution-based deposition methods such as the sol-gel, 6 sol-powder composite, 7 or screen printing techniques, 8 it is relatively easy to fabricate thick films. However, in most cases, the resulting films will be porous and, therefore, have low electrical properties. Except for some special applications, high electrical properties are desirable for the PZT system. On the other hand, films deposited using vacuum deposition processes are highly dense, but are very susceptible to cracking because of the thermal mismatch.
Generally, the mechanical characteristics of films depend strongly on their microstructure. [9] [10] [11] The microstructural characteristics of importance include the shape, size, and crystallographic orientation of the grains. The grain size of a film is closely related to its thickness because of the influence of the substrate or other underlying layers. [12] [13] [14] The crystallographic orientation of the film is also highly influenced by its thickness because the total strain energy stored in the system is proportional to the thickness of the film. 9, 10 In addition, the orientation as well as the microstructure of the film is strongly influenced by the characteristics of the underlying layer. 15 Therefore, to fabricate thick and crack-free PZT films, it is necessary to understand the evolution of their microstructure and orientation. In this study, we observed the microstructural and orientational evolutions of the PZT film deposited on a Pt(111)/Ti/SiO 2 /Si substrate with respect to its thickness and, based on these observations, we propose a new approach to fabricating thick and crack-free PZT films.
II. EXPERIMENTAL PROCEDURE
PZT films with various thicknesses were deposited by the radio frequency (rf) magnetron sputtering procedure on a Pt(111)/Ti/SiO 2 /Si substrate (Inostek, Seoul, Korea) with and without a seed layer. A single oxide target with a composition of Pb 1.1 (Zr 0.6 Ti 0.4 )O 3 was prepared by the conventional mixed oxide method. Table I shows the deposition conditions. During the sputtering process, the substrate was not heated; however, the substrate temperature increased gradually from 20 to 140°C because of the ion bombardment effect. Annealing was conducted at 650°C for 15 min in air with a heating rate of about 60°C/min.
The seed layer was deposited by the conventional sol-gel method. Lead To prevent the formation of cracks, the PZT film was deposited on the seed layer by rf magnetron sputtering in the form of multiple layers, each with a thickness of about 0.6 m. After the deposition of each layer, the film was annealed at 650°C for 10 min in air with a heating rate of about 60°C/min. This cycle of deposition and annealing was repeated up to 10 times.
X-ray diffraction (XRD; -2 scanning; M18XHF-SRA; Mac Science, Yokohama, Japan) was used to monitor the orientation of the films. The microstructures and thicknesses of the films were determined by field emission scanning electron microscopy (FE-SEM; JSM-6330F; JEOL, Tokyo, Japan).
III. RESULTS AND DISCUSSION
The plane and cross-sectional images of the PZT films deposited on the platinized silicon substrate as a function of the film thickness are shown in Fig. 1 . When the film was thin (∼0.6 m), it was dense and crack-free. The grains had a columnar structure with an average size of 1.5 m [Figs. 1(a) and 1(b)]. When the film thickness was increased to 1.2 m, it retained its crack-free and columnar structure, as shown in Figs. 1(c) and 1(d). However, the average grain size increased to 1.9 m. When the thickness of the film was further increased to 2.4 m, the grain size increased to 2.8 m, as shown in Fig. 1(e) . At the same time, cracks were formed in the grain boundary regions, as indicated by the arrows in Fig. 1(e) . Another interesting feature is the shape of the grains, as observed in the cross-sectional image in Fig. 1(f) . This micrograph suggests that the grain growth of the film occurred more extensively near the surface of the film when the film became thicker. The micrographs in Fig. 1 indicate that the resultant grain size is closely related to the thickness of the film. Furthermore, the susceptibility to crack formation is also directly influenced by the thickness and grain size of the film.
There are several possible reasons for the formation of cracks in the film as its thickness was increased. One is that cracks are generated to reduce the total energy in the system because the strain energy increases as the film thickness increases. Another plausible explanation is that the strength of the film itself is reduced because of the increase in the grain size. The change in the crystallographic orientation with increasing film thickness may also contribute to the formation of cracks.
To clarify the mechanism of crack formation, the changes in the crystallographic orientation with respect to the film thickness were investigated. The XRD patterns of the PZT films sputtered onto the Pt(111)/Ti/ SiO 2 /Si substrate are shown in Fig. 2 as a function of the film thickness. When the film thickness was 0.6 m, the film had a (111) orientation, apparently from the influence of the (111) orientation of the Pt layer. As the film thickness increased to 1.2 m, the orientation of the film did not change significantly, except for the appearance of very weak (100) and (200) peaks, as shown in Fig. 2(b) . When the thickness of the film was 2.4 m, its XRD pattern was almost identical to that of the film with a Fig. 2(c) . Therefore, the crystallographic orientation of the film is ruled out as a reason for the formation of cracks in the film. Another possible explanation for the formation of cracks is the microstructural changes in the films. To investigate this possibility, it was necessary to fabricate films with the same thickness, orientation, and composition, but with different microstructures. To generate PZT films with different microstructures, a seed layer with the same composition, but a much smaller grain size, was used and PZT layers were deposited on it. The seed layer, shown in Fig. 3(a) , was formed by a sol-gel method in which the orientation could be controlled by means of the thermal treatment procedures conducted after the spin coating. 15 The seed layer had a thickness of about 90 nm and an orientation of mostly (111) after being pyrolyzed at 350°C and annealed at 650°C, as shown in Fig. 3(b) . There was weak (100) peak as well as a pyrochlore peak. The pyrochlore phase, which is also seen in Fig. 3(a) , was deemed to have been formed because of a Pb deficiency in the seed layer. 16, 17 The minor (100) orientation had no influence on the subsequent microstructure and orientation developments of the sputtered films.
The grain size of the PZT film deposited on the seed layer was much smaller than that without the seed layer. The SEM images of the PZT films sputtered on the seed layer are shown in Fig. 4 . When the thickness of the film was 1.2 m, its in-plane grain size was 0.53 m, as shown in Fig. 4(a) , which is more than three times smaller than that of the film with the same thickness but without the seed layer [ Fig. 1(c) ]. As the thickness of the film increased to 2.4 m, the average in-plane grain size increased to 1.08 m, which is also much smaller than that of the equivalent film without the seed layer [ Fig. 1(e) ]. These micrographs clearly indicate that the use of a seed layer with a small grain size is effective in suppressing the grain growth of the PZT layer during the heat treatment process. In other words, the movement of the grain boundaries of the PZT layer was inhibited by the pinning effect of the grain boundary of the seed layer. This grain boundary pinning effect is also observed in the cross-sectional image of the films. As shown in Figs. 4(b) and 4(d), the size of the grains near the surface is larger than that near the substrate, indicating that the grain boundary pinning effect becomes smaller as the distance from the seed layer increases. When the film was thicker than 2.4 m, it was cracked in the grain boundary regions, even though it had been deposited on the seed layer.
These results revealed that the critical thickness of the film above which cracks are formed increases with decreasing grain size. As the film becomes thicker, its grain size becomes larger so that the strength of the film decreases. Cracking occurs when the thermal stress exceeds the strength of the film itself. Another interesting observation is that the grain growth occurs mostly near the surface of the film. Therefore, if a thin film is deposited, grain growth is suppressed during annealing because of the grain boundary pinning effects induced by the underlying layer and the thin thickness. In the present research, to deposit a thick PZT film while keeping its grain size small, a multisputtering technique was used. More specifically, a PZT layer with a thickness of about 0.6 m was deposited and annealed each time, and this process was repeated as many times as necessary.
The multisputtering of PZT on a seed layer having a smaller grain size was effective in controlling the shape and size of the grains. The surface morphology of the film deposited eight times on the seed layer is shown in Fig. 5(a) . The thickness of the film was about 5 m, but its average in-plane grain size was just 0.3 m, which is even smaller than that of the film deposited only one time (1.2 m) on the seed layer [ Fig. 4(a) ]. As expected, there were no cracks in the film deposited eight times on the seed layer. The effect of multisputtering on the microstructural evolution is most clearly observed in the crosssectional image shown in Fig. 5(b) . The deposited layers, each having a thickness of about 0.6 m, are clearly shown in this micrograph. At the same time, it is observed that the grain size of each layer is almost identical so that the film has a fibrous columnar structure. Using this approach, not only the size of the grains, but also their shape, was controlled effectively. As a result, thick PZT films were fabricated without any cracks.
The variation in the crystallographic orientation of the film with the thickness was determined from the XRD patterns, as shown in Fig. 6 . When the film was thin, the (111) orientation was dominant because of the influence of the (111) oriented seed layer. However, as the number of depositions increased, the orientation changed gradually from (111) to (100). When the deposition was repeated more than five times, the (100) orientation became dominant over the (111) orientation, as shown in Fig. 6 . This change in the crystallographic orientation is attributable to the competition between the interfacial energy and the inherent kinetics of the system. 9, 10 In other words, when the film is thin, it grows with a (111) orientation during the annealing process to minimize the interface energy between the underlying (111) oriented seed layer and the newly nucleating PZT film. However, as the film becomes thicker, the inherent kinetics comes to play a more important role in determining the orientation of the film. It is well known that the (100) orientation is kinetically most favorable in PZT films. 17, 18 The change in the crystallographic orientation with increasing thickness reflects this variation in the energy state and kinetics.
These observations clearly show that the formation of cracks in the PZT film is closely related to the thermal mismatch between the substrate and the film. As the thickness of the film increases, its strength decreases as a result of the increase in its grain size. The film becomes cracked when the thermal stress exceeds the strength of the film. By reducing the grain size of the film using a multisputtering technique, the film became resistant to cracking, apparently because of its increased strength.
IV. CONCLUSIONS
Thick PZT films without cracks were fabricated by reducing their grain size. To obtain films with a small grain size, the multisputtering technique was used. Depositing the film on a seed layer having the same composition but a much smaller grain size was also effective in reducing its grain size. By a combination of these two methods, it was possible to fabricate thick PZT films with a thickness of up to 5 m without cracks. The crystallographic orientation of the film changed from (111) to (100) as its thickness was increased, to minimize the total energy in the system.
